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Introduction

•Overview

•Tangentmatrix

•Multi-levelNewtonmethod:Coupledanalyses

•Multi-levelNewtonmethod:Domaindecomposition

•Optimizationenvironment



Optimizationproblem

min
dF(d)

suchthatGi(d)≤0,i=1,2,···,ng

•ddesignparameters

•Fcostfunction

•Giinequalityconstraint

NonlinearProgrammingCaveats

•Continuousdesignspace

•Deterministicanalyses

•Smoothcostandconstraintfunctions

•Localminima
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Example:sheetdesign

•Maximizeobjectivefunction(surfacearea)
F=d1d2

•Constraints(onperimeter)
G=2(d1+d2)−20≤0

•SideConstraints
di≥0
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Connectingrodshapeoptimization

w/S.Chen



Castingoptimization

•Minimizeriservolume

•Enforcedirectionalsolidification

•Thermalconduction

w/J.A.DantzigandP.E.Byrne



Weldoptimization

•Designthermaltensioningprocess

•Minimizelongitudinalresidualstressawayfromheateffectedzone

•Optimizeheaterpowerandlocation
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w/P.Michaleris



Topologyoptimization

•Distributematerial

•Manydesignparameters

P

dv #1 ... dv #21
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?

w/T.E.Bruns



Topologyoptimization:Loaddependentdesigns



Topologyoptimization:Compliantmechanisms
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Identificationproblem:example

•FindTp

•MinimizeError,F=
∫

1
2(q

n
−qdata)

2
dx

•81variables

•Ill-posed⇒Needregularization
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w/G.Dorai
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Sensitivityanalysis

•Analysis

–Evaluateresidual,R(u
I
)

?
=0

–Newtonupdate,
[

DR

Du(u
I
)
]

∆u=−R(u
I
)

•GeneralizedresponsefunctionalF(d)=G(u(d),d)

•Sensitivity
DF
Dd=

∂G
∂u

Du

Dd+
∂G
∂d

–Finitedifference:
DF
Dd≈

G(u(d+4d),d+4d)−G(u(d),d)
4d

–Direct:
∂R

∂u

Du

Dd+
∂R

∂d=0

–Adjoint:
DF
Dd=

∂G
∂d−λ

T∂R

∂d+
DuT

Dd

0
︷︸︸︷ {

∂G
T

∂u
−

∂R
T

∂u
λ

}



Sensitivityanalysis:Notes

•Directsolverspreferred

•nlinearpseudoormlinearadjointproblems

•Eliminatetruncation&round-offerrors

•Transientanalyses:Implicittimeintegrationpreferred

•Coupledanalyses:OK

•Useautomaticdifferentiation,symbolicalgebraorfinitedifference:
∂R

∂d



Nonlineartransientsensitivityanalysis

IncrementalForm:

•Residualattimetn
n
R(

n
u,

n−1
u)=0

•Newton-Raphson

∂
n
R

∂nu(
n
u

I
,

n−1
u)∆u=−

n
R(

n
u

I
,

n−1
u)

•SensitivityAnalysis:

F(d)=G(
n
u(d),d)

DF

Dd
=

∂G

∂nu

D
n
u

Dd
+

∂G
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Directdifferentiation:

•Residualattimetn
n
R(

n
u(d),

n−1
u(d),d)=0

•Differentiate

∂
n
R
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D
n
u

Dd
+

∂
n
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D
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u
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•Pseudoproblem:
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Adjointmethod:

•Augmentfunctional

DF

Dd
=

∂G

∂nu

D
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−
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j
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•Explicitcomponent
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Adjointmethod(cont):

•Implicitcomponent

DF̂I
Dd=−

(
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Adjointmethod(cont):

•Solveadjointproblems

n:
(

∂nR

∂nu

)T
n
λ=

∂G
∂nu

n−1:
(

∂n−1R

∂n−1u

)T
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(
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...
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•Requiresmuchstorageorrecomputation



Tangentmatrix

•SubiterationsrequiredtocomputeR

•Secondaryresponseisanimplicitfunctionofprimaryresponse

•E.g.stressandyieldstressareimplicitfunctionsofdisplacement

–Givenun,σn−1andαn−1computeσn,αnand∂σn/∂un

–Solvetheresidualequation

r((σn,αn);(un,σn−1,αn−1))=0

–Differentiatetoobtain

∂r

∂(σn,αn)







∂σn
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∂un
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∂un



Phasechangeanalysis

•Primaryresponse:enthalpyH

•Secondaryresponse:solidvolumefractionεsandtemperatureT

•Mushyzonerelations:Scheilassumption

r((T,εs);H)=







εs−1+
(

Tf−Tl

Tf−T

)−(1−k)

cpT+(1−εs)L−H







∂r

∂H
=

{
0
−1

}

∂r

∂(εs,T)
=








1
(−1+k)

(
Tf−Tl
Tf−T

)k

Tf−Tl

−Lcp








and

[
∂r

∂(εs,T)

]






∂εs
∂H

∂T
∂H






=−

∂r

∂H

•Symbolicalgebra,automaticdifferentiation

•Finitedifference



StageIVhardeningw/twostatevariablehybridmodel

•Crystalflowstress:τ−τ̂a=
Sε(ε̇,T)

Sε(ε̇r,Tr)
µ
µrτ̂ε

•Strengthevolution:
dτ̂ε
dΓ=θo

[

1−
τ̂ε
τ̂εs+

αµrkob

k1τ̂εLg

]

•Secondevolutionarystatevariableτ̂λ:τ̂λ=
αµrkob

k1Lg
and

dτ̂λ
dΓ=a

′′
τ̂

1−1
r

λ

•LargestraincompressionandtorsionofHY100Martensiticsteel



Parameteridentification

•Identifymaterialparametersandinitialconditions

Minimize
d=[dp,di]

E(d)=

√
√
√
√

P∑

p=1

(

1−
T

p
ij

T̃
p
ij

)2

Materialparameters

dp=[go,goεs,θo,c,η,τ̂a,τ̂εso,ε̇so,ε̇o]

Initialconditions

di=[τ̂
1
ε|Γ=0;τ̂

1
λ|Γ=0;...;τ̂

k
ε|Γ=0;τ̂

k
λ|Γ=0]



HY100Steel
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w/A.J.BeaudoinandS.Kok



Multi-levelNewtonmethod:Coupledanalyses

•Coupledanalyses:f(x̂(y);y)=0andg(ŷ(x);x)=0

•Forma”selfconsistent”residual

RR(x,y)=

{
x−x̂(y)
y−ŷ(x)

}

=0

•SolvebyNewton’smethod

DRR(x,y)∆=−RR(x,y)=

[
1−x̂

′
(y)

−ŷ
′
(x)1

]{
∆x
∆y

}

=−

{
x−x̂(y)
y−ŷ(x)

}

•IterativelysolveNewtonupdate(GMRES,UbikSolve)

DRR(x,y)s=

{
sx−x̂

′
(y)sy

−ŷ
′
(x)sx+sy

}

=







sx−
1
ε[x̂(y+εsy)−x̂(y)]

−
1
ε[ŷ(x+εsx)−ŷ(x)]+sy







•Matrixfreeparallelization

•Linearanalyses



Multi-levelNewtonmethod

yes

Subsystemanalyses

Subsystempseudoanalyses
∂Ri

∂ûi

Dûi

Du<i>s
<i>

=−
∂Ri

∂u<i>s
<i>

u

START

s←s+∆s

DRRs
?
=−RR

STOP

s
<i>

ûi(u
<i>

)

yes

no

∆u=s

u←u+∆u

RR(u)
?
=0

Ri(ûi(u
<i>

);u
<i>

)=0

no



Aeroelasticity

•Coupledfluids,structure,andmeshmotionanalyses

•LowspeedflowRe=50

•≈4500nodesand≈8800elements

•IterationsandCPU

–MLN:5Newton×15GMRESiterations=⇒161CPU

–Semi-analyticalMLN:8Newton×15GMRESiterations=⇒215CPU

–FinitedifferenceMLN:8Newton×15GMRESiterations=⇒2134CPU

–Successivesubstitution:21-35iterations=⇒350-584CPU

w/N.AluruandJ.Y.Kim



v=0

vy=0

tx=0vy=0

u=(U,0)

tx=0

t=0 u=0

Domainandboundaryconditions



InitialmeshDeformedmesh

102030405060

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

10
2

Iteration

R
esidual N

orm

MNM: Analytical     
MNM: Semi−analytical
SS: ω = 1      
SS: ω = .75    
SS: ω = .50    

FlowfieldConvergence



Nonconformingmesh

•Commonrefinement

•Enforceinterfacialmomentummassbalancew/Galerkinmethod

•Fluidandsolidmeshescontain5,662and2,178elements
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Multi-levelNewtonmethod:Domaindecomposition

•nsubdomainanalyses:

–Usualbalanceequations:

•Interfaceanalysis

–Usualinterfaceequations:RR(u
I
;û1(u

I
),û2(u

I
),···,ûn(u

I
))=0

–IterativelysolveNewtonupdate

DRRs=



∂RR

∂uI+

n∑

j=1

(
∂RR

∂uj

Dûj

DuI

)


s

=



∂RR

∂uI
s−

n∑

j=1

(

∂RR

∂uj

[
∂Rj

∂uj

]−1
∂Rj

∂uI
s

)



•Matrixfreeparallelization

•Localnonlinearities



Multi-levelNewtonmethod

yes

Subsystemanalyses

Subsystempseudoanalyses
∂Rj

∂ûj

Dûj

DuIs=−
∂Rj

∂uIs

u
I

START

s←s+∆s

DRRs
?
=−RR

STOP

s

ûj(u
I
)

yes

no

∆u=s

u
I
←u

I
+∆u

RR(u
I
)

?
=0

Rj(ûj(u
I
);u

I
)=0

no



Heatconductionexample

•Steadyheatconduction:R

•Interfacialtemperature:u
I

•Interfacialenergybalance:RR

•Partitioningw/METIS(Chaco)

•Parallelizationw/MPI

•Loadbalancingw/Charm++(PGSLib)

•≈100,000elements&≈60,000DOF

•Unstructuredmesh

•Linear:oneouterNewtoniteration
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Optimizationenvironment

•Pro/Engineersolidmodeler
-Feature-basedmodeling
-OCTREE
-Pro/DevelopAPI

•MSC/NastranDSA

•DOTSLP

w/S.Chen



Analysismodel

•Quartersymmetryemployed

•Initialfiniteelementmesh:
-2215parabolictetrahedrons
-4642nodes

•Linearstaticanalysis

•Steelmaterialproperties

•Boundaryconditions
-Encastreconditionatcrankshaftend
-Distributedforceatpinend

•MaximumvonMisesstressof79.1MPa



Designmodel

•Minimizevolume/mass

•8Designvariables
-Neckcontour
-Webradii
-Outerpinendradius
-Webdepth

•ConstrainvonMises≤150MPa



Velocityfield





Optimizationhistory
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•34.3%volumereduction

•Optimaldesignsatisfiesperformance/geometricconstraints



Discussion

•Onlyinitialuserinteraction

•Updatesolidmodeldimensionseachiteration

•Updatefiniteelementmesheachiteration
-Remeshing
-Laplaciansmoothing

•Velocityfieldcalculationseachiteration

•Applicabletootheranalyses



Conclusion

•Manyapplications

–Reliability&uncertainty

–Designofexperiments

–Responsesurfaceoptimization

•Numerousexamples

–Precipitationnucleation&growth

–Polymerprocessing

–Metalforming

–Controllerdesign

–Crystalgrowth

–Mechanisms


